GABAergic and glycinergic function is dependent on neuronal intracellular chloride. The neuron-specific electroneutral potassium (K Rb/K + uptake assays in this model system show that RCC1/ PAM causes increased KCC2-mediated flux. After narrowing down RCC1/PAM binding to a 20 amino acid region on the KCC2 carboxyl terminus, we created a point mutant in this region to eliminate interaction between the KCC2 carboxyl terminus and RCC1/PAM. This same mutation abolishes N-ethylmaleimide activation of KCC2, suggesting that PAM plays a role in modulating KCC2 function.
Introduction
Neuronal signaling via the ionotropic GABA A and glycine receptors is dependent on the intracellular Cl -level of the postsynaptic neuron. High internal Cl -results in GABA eliciting depolarizing responses, as seen in immature central neurons [1] [2] [3] [4] and in sensory neurons throughout life [5] [6] [7] . In contrast, most mature neurons have low internal Cl -concentrations, facilitating the characteristic hyperpolarizing GABA response, and thus synaptic inhibition [4, [8] [9] [10] .
KCC2 is driven by the high intracellular K + concentration generated by the Na + /K + pump, thus allowing the cotransporter to 'actively' extrude Cl -in an electroneutral manner [10] [11] [12] . Our laboratory demonstrated that KCC2 activity maintains low intracellular Cl -during synaptic activity, and is critical in establishing the large Cl -gradient that favors GABA inhibition [4] . This function is absent in early postnatal development as KCC2 expression is low, but develops 32 and strengthens during the first two weeks of postnatal life, concomitant to an increase in cotransporter expression [13] [14] [15] [16] .
The significance of KCC2 in regulating neuronal excitability is made evident by several animal models of cotransporter disruption. Mice completely lacking KCC2 die soon after birth due to respiratory distress and hypoxia [17] . Mice with a 95% reduction of total KCC2 expression exhibit tonic-clonic seizures and die approximately two weeks after birth, whereas mice with ∼50% KCC2 reduction exhibit increased susceptibility to epileptic seizures [18] . Furthermore, KCC2 expression is altered in the rodent brain after epileptiform brain activity or stimulation [19] . This function is conserved in evolution, as mutations in the Drosophila orthologue of KCC2 also lead to a significant reduction in seizure threshold [20] . Additionally, KCC2 expression is altered in brain tissues isolated from human epilepsy patients [19, [21] [22] [23] [24] .
Little is known about the regulation of KCC2 gene expression and the modulation of KCC2 function in neurons. Studies have shown that KCC2 function is in part influenced by Brain Derived Neurotrophic Factor (BDNF) activation of tyrosine kinase B (TrkB) receptors. The effect of BDNF on KCC2 may be dependent on development stage, as mice overexpressing the neurotrophic factor have been shown to express higher levels of KCC2, whereas exogenous application of BDNF to brain slices from adult mice causes decreases in KCC2 activity by increasing the rate of cell surface KCC2 degradation [25, 26] . KCC2 function may also be linked to tyrosine phosphorylation pathways, as stimulation of insulin growth factor receptors and application of the cytosolic tyrosine kinase c-Src rapidly activates KCC2 transport in cultured hippocampal neurons [27] .
Many membrane-bound ion transporters and channels are regulated through protein-protein interactions. Some studies indicate KCC2 forms homodimers and oligomers, but how this affects cotransporter activity is unknown [28] [29] [30] . Brain creatine kinase (CKB) has been shown to interact with KCC2 [31] and further study in mouse brain slices indicates it participates in activating KCC2 function [32] . The dendritic cytoskeletal protein 4.1N has been also shown to interact with KCC2, possibly linking KCC2 activity to coordination of synaptogenesis [33] .
Here we report a novel interaction between KCC2 and Protein Associated with Myc, or PAM (also known as Phr1 [34] or MycBP2 in GenBank). Originally characterized as a myc binding protein [35] , PAM is a large, widely expressed protein which is highly enriched in the brain and present throughout neurons [36] . We show that a portion of PAM within its RCC1 (Regulator of Chromatin Condensation) domain interacts with the extreme carboxyl terminus of KCC2, and that this interaction plays a role in modulating KCC2 function.
Materials and Methods

Yeast Two-Hybrid
The carboxyl terminus of the rat KCC2 (KCC2-CT), from amino acid residue 635 to amino acid residue 1116, was moved from an existing KCC2 cDNA clone and fused to the Gal4 binding domain in the pGBDUC2 vector. KCC2-CT-pGBDUC2 was transformed into PJ69-4A yeast cells [37] , and then used to screen an amplified mouse brain cDNA library in the pACT2 vector (Clontech, Mountain View, CA) as previously described [38] . Following small-scale yeast two-hybrid transformations, yeast was plated on double-dropout (-Uracil, -Leucine) plates to ensure both the pACT2 and pGBDUC2 clones were transformed. Growth of transformed yeast plated or re-streaked onto triple-dropout (-Uracil, -Leucine, -Histidine +2 mM 3-amino-1,2,4-triazole) plates indicated positive protein-protein interactions. A total of 6 x 10 6 million clones were screened, as determined by library titers. After a second re-streak onto tripledropout plates, surviving clones were tested using liquid Lac-Z/β-galactosidase assays. Yeast clones with the highest β-galactosidase expression and activity were lysed with 10 µl 5x Reporter Lysis Buffer (Promega, Madison, WI), and subjected to PCR using the ExpandLong Template PCR kit (Roche, Indianapolis, IN). Amplified PCR fragments were sequenced with ABI Prism Big Dye Terminator (Applied Biosystems, Foster City, CA).
DNA constructs and point mutations
Truncations of the KCC2-CT were generated by PCR, Expand Long PCR (Roche, Indianapolis, IN) or annealed oligonucleotides (for sequences under 40 bp) with overhangs allowing for subcloning into the desired vectors. To generate the RXR KCC2 mutant, a 513 bp SphI-ClaI fragment consisting of the last 56 amino acids of rat KCC2, some 3'UTR and some polylinker were subcloned into a modified pBSK vector containing a SphI restriction site. The codon encoding the second arginine (CGC) of the RXR motif was mutated into an alanine (GCC) using QuikChange (Stratagene, La Jolla, CA). After sequencing, the SphI-ClaI fragment was re-introduced into the wild-type clone to produce the mutant KCC2 cDNA.
Glutathione S-Transferase Pull-down Assay
In order to create Glutathione S-Transferase (GST) fusion proteins, KCC2-CT cDNA was cloned into the pGEX4T1 vector (Pharmacia, Piscataway, NJ) inserted after the vector's GST encoding sequence. KCC2-CT-pGEX4T1 or empty pGEX4T1 (for GST only controls) were transformed into a proteasedeficient strain of Escherichia coli. During growth, protein production was induced with isopropyl β-D-1-thiogalactopyranoside (IPTG, 24mg/ml), and bacteria were lysed by freeze-thawing, sonication, and incubation with 20% Triton X-100. Lysates were centrifuged, and supernatants incubated with 50% Sepharose-Glutathione bead slurry. Following three spin/wash cycles, the pull-down assay was performed as previously described [38] , incubating GST protein-bound beads with HEK cell lysates.
Cell culture and transfection HEK 293 or HEK 293FT (Invitrogen, Carlsbad, CA) cells were maintained and routinely passaged in DMEM-F12 supplemented by 10% fetal bovine serum and 1% Penicillin/ Streptomycin (Invitrogen). Transfections were performed with Fugene 6 (Roche) on cells that were approximately 50-70 percent confluent.
Coimmunoprecipitation
Transfected HEK 293FT cells (Invitrogen) were lysed with 1% Triton X-100 lysis buffer (150 mM NaCl, 10 mM Tris, 2 mM EDTA, 1% Triton X-100) containing protease inhibitors (Roche) for 30 min on ice. Lysates were scraped into 1.5 ml tubes and microcentrifuged for 10 min at 14,000 rpm at 4°C. KCC2 was immunoprecipitated from the supernatant with 7 µl of polyclonal KCC2 antibody overnight at 4°C. Protein A-Sepharose beads (Santa Cruz Biotechnology, Santa Cruz, CA), pre-washed with lysis buffer, were incubated with the supernatant for 2 h at 4°C. Antibody-protein complexes were pulled down by centrifugation for 4 min at 4,000 rpm. Pelleted beads were subjected to three spin/washes with 1 ml lysis buffer, then resuspended in sample buffer containing 5% β-mercaptoethanol and denatured at 70°C for 20 min.
Western Blotting
Proteins were separated by SDS-polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membrane (Millipore, Bedford, MA) using a semidry transfer apparatus. Membranes were blocked in 5% dry non-fat milk/ TBST for 2 h at room temperature before incubation with antibody in milk/TBST overnight at 4°C. Antibody dilutions: KCC2, 1:1000 dilution; HRP-conjugated HA, 1:1000 (Roche, Indianapolis, IN), human transferrin receptor, 1:2500 (Invitrogen, Carlsbad, CA).
Microsome preparation
Cells grown in 100-mm dishes were scraped in sucrose solution (0.32 M sucrose, 2 mM EDTA, 2.5 mM β-mercaptoethanol, 5 mM Tris-Cl, pH 7.5, and protease inhibitors) and homogenized with a Teflon pestle for 20 strokes on ice. Cell debris was removed by centrifugation at 4,000 x g for 15 min. The recovered supernatant was then centrifuged for 15 min at 9000 x g. The pellet from a final high-speed centrifugation (100,000 x g) was resuspended in 500 µl sucrose solution. 
Results
Identification of a 323 amino acid portion of PAM which binds to the carboxyl terminus of KCC2
The carboxyl-terminal tail of rat KCC2 (KCC2-CT) was used to screen a two-hybrid mouse brain cDNA library. Among the positive clones, a portion of the RCC1 domain of Protein Associated with Myc (PAM, residues 551-874) was identified as a potential interactor of KCC2-CT ( Figure 1 , Panel A). RCC1 (Regulator of Chromatin Condensation) domains were first characterized in the RCC1 protein for cell cycle related effects in the nucleus, but have since been found in several cytoplasmic proteins, participating protein localization and protein-protein interactions [39] [40] [41] [42] [43] [44] . A small scale yeast two-hybrid transformation to test this library clone against the empty bait vector shows that the library clone does not activate yeast reporter genes independent of interaction with KCC2-CT ( Figure 1, Panel B) .
The interaction between KCC2-CT and RCC1/PAM was confirmed outside of the yeast two-hybrid system using a GST pull-down assay. Lysates from HEK293 cells expressing HA-tagged RCC1/PAM were incubated with GST-KCC2-CT immobilized on GST-Sepharose beads. As seen in Figure 1 , Panel C, only GST-KCC2-CT was able to pull-down RCC1/PAM (lane 2), whereas GST alone did not pull down RCC1/PAM.
We likewise used coimmunoprecipitation assays to test interaction between RCC1/PAM and full-length KCC2 in vivo. RCC1/PAM was tagged with an HA epitope, and cotransfected into HEK293FT cells with either empty pCDNA3 vector or full-length KCC2. Cell lysates were subjected to immunoprecipitation using the KCC2 antibody, and protein complexes were then isolated with Protein A-Sepharose beads. Immunoblotting with HA antibody shows that RCC1/PAM is immunoprecipitated with KCC2 ( Figure 1 , Panel D, lane 4). However, no RCC1/PAM was pulled-down in the absence of KCC2 (lane 2).
RCC1-PAM increases KCC2-mediated flux
To assess the effect of PAM on KCC2 function, we co-transfected the RCC1/PAM fragment with full length KCC2 in HEK293 cells. RT-PCR experiments showed that HEK293 cells express native PAM (data not shown). Function of the cotransporter was assessed using unidirectional 
RCC1/PAM effect on KCC2 protein and RNA expression
To account for the increased KCC2 flux, we first considered the possibility that RCC1/PAM affects the amount of functional KCC2 protein. To quantitate the KCC2 protein levels, we prepared HEK293 cell microsomal fractions to enrich for membrane-associated proteins. Microsomes were subjected to Western blot analysis, and probed with anti-KCC2 antibody or with anti-human transferrin antibody to control for unspecific effects by RCC1/PAM. As shown in Figure 3 , KCC2 levels increased significantly when the cotransporter was co-expressed with RCC1/PAM. This effect is RCC1-specific, as transfections were controlled for amount of DNA by using empty pcDNA3 vector. As an additional control, co-expression of a similarly sized non-relevant protein, GST, did not result in an increased in KCC2 flux (data not shown).
To determine whether the increased KCC2 protein expression by RCC1/PAM originates from increased transcription, we examined KCC2 RNA levels under the different transfection conditions. Using semi-quantitative RT-PCR with primers specific to KCC2, we showed that RCC1/PAM increases KCC2 RNA levels in HEK293 cells (Figure 4) .
Location of RCC1/PAM binding on the KCC2-CT
The effect of RCC1/PAM on KCC2 transcription could account for the increased KCC2 flux observed in Figure 2 . However, as RCC1/PAM also participates in protein-protein interaction with the carboxyl terminal tail of the cotransporter, this interaction could also affect cotransporter function, independent of the transcriptional effect. Thus, we decided to further characterize the site of RCC1/PAM binding on KCC2. In order to identify this site, we created truncation mutants of the KCC2-CT and tested them in small-scale yeast two-hybrid transformations against the PAM library clone ( Figure  5A-C) . Using this method, we were able to identify a 20 amino acid sequence of the KCC2-CT, which retains the ability to bind to this portion of PAM ( Figure 5A-C, g ). Since a tyrosine residue in the KCC2-CT had previously been shown to be critical for KCC2 function via a mechanism independent of phosphorylation [45] , we considered that PAM binding to KCC2 might also involve this tyrosine residue. We found that PAM binding to the KCC2-CT was unaffected by mutation of this tyrosine residue into an alanine ( Figure 5A-C, k) . 
KCC2 point mutant, KCC2-RXA, disrupts RCC1/ PAM interaction
Since the 4 K-Cl cotransporters, KCC1-KCC4, have highly conserved carboxyl-terminal tails, we analyzed the sequence of the corresponding RCC1/PAM binding region in the 3 other cotransporters. As shown in Figure 6A , the PAM-binding region of KCC2 is very similar to that of the other potassium-chloride cotransporters. We took advantage of the few sequence differences to elucidate the specific amino acid residues responsible for this protein-protein interaction. Thus, these analogous regions were tested against RCC1/PAM in 'small scale' yeast two-hybrid experiments. Figure 6A shows that the RCC1/ PAM fragment only interacts with this region in KCC2, but not with the corresponding regions in the other K-Cl cotransporters. As highlighted by the sequence alignment, we identified an RXR motif within this 20 amino acid region of KCC2, while this motif is not present in the analogous sequences of the other cotransporters.
This observation is particularly interesting as RXR motifs are known to function as ER retention signals. To explore the importance of the non-conserved residues and the RXR motif, we created single amino acid mutations in this region of both KCC2 and KCC3. As anticipated, disrupting the motif by substituting the second arginine residue into an alanine (RXA) prevented binding to partial RCC1/PAM ( Figure 6B ). However, introducing an RXR motif into this portion of KCC3 did not confer PAM binding ( Figure 6B ). Thus, this observation suggested that binding was not only dependent on the RXR motif, but also on neighboring amino acid residues. Indeed, introduction of a glutamic acid directly downstream of the RXR motif in KCC2 (mimicking KCC3), was sufficient to disrupt PAM interaction with KCC2 ( Figure 6B ).
Impact of KCC2-RXA mutant on ability of PAM to elevate RNA and protein levels, but not cotransport function
To assess the effect of preventing RCC1/PAM interaction with the C-terminal region, the RXA mutation was introduced into full-length cotransporter, thus referred to as KCC2-RXA. HEK293 cells were transfected with KCC2-RXA in the presence or absence of the RCC1/PAM fragment. As a control and point of comparison, transfection of wild-type KCC2, in the presence or absence of RCC1/PAM, was repeated alongside the KCC2-RXA transfections. Western blot and RT-PCR analysis showed that co-expressing RCC1/PAM with KCC2-RXA resulted in increased KCC2 RNA and protein levels, similar to those observed with wild-type KCC2 (Figure 7) . Surprisingly, we also observed coimmunoprecipitation of KCC2-RXA and HA-tagged-RCC1/PAM (Figure 8) , suggesting that the PAM fragment not only interacts with the carboxyl terminus, but also interacts with KCC2 somewhere else in addition to the 20 amino acid region identified by yeast 2-hybrid. Functional studies revealed that the RXA mutation prevented the increased cotransporter function by RCC1/PAM that we observed with wild-type KCC2. Furthermore, KCC2-RXA had no significant change in activity as compared to wild-type KCC2 (Figure 9 ). 
Mutation of PAM binding site on KCC2 disrupts NEM stimulation of transport
N-ethylmaleimide (NEM) is a known activator of K-Cl cotransport in many cell types [46] [47] [48] [49] , including KCC2 flux in HEK293 cells [9, 50] . In agreement with the literature, we show that NEM induced activation of KCC2-mediated K + uptake in HEK293 cells (Figure 10) . Again, we observed in cells co-transfected with RCC1/ PAM and wild-type KCC2 a significant increase in 86 Rb/ K uptake. However, NEM did not further stimulate the KCC2-mediated flux induced by RCC1/PAM expression. Furthermore, KCC2-RXA function which was shown to be unaffected by RCC1/PAM expression, was also unaffected by NEM treatment of the cells. 
Discussion
Using a library-scale yeast two-hybrid screen, we have identified PAM as an interactor with the carboxylterminal tail of KCC2. PAM is a large 4264 amino acid protein expressed in many tissues, including in central and peripheral neurons. The interaction of PAM with KCC2 is significant when considering that 1) the two proteins are similarly up-regulated during postnatal neuronal maturation [14, 51] , 2) in the rodent brain, PAM is highly expressed in the pyramidal cells of the hippocampus, granule cells of the dentate gyrus and cerebellum, as well as Purkinje cells of the cerebellumregions in which KCC2 likewise has high levels of expression [51, 52] , 3) the two proteins are involved in spinal nociceptive processing [53] [54] [55] [56] [57] , and 4) disruption of both genes results in a similar phenotype of respiratory failure and postnatal death [17, 18, 34] . Furthermore, the PAM homologues in C. elegans (rpm-1), D. melanogaster (highwire), and Danio rerio (Esrom) have been shown to be involved in synaptogenesis, synaptic growth, and presynaptic organization [58] [59] [60] [61] , indicating that PAM, like KCC2, plays an important role in neuronal physiology.
Since PAM is a large protein with several specialized domains, it is highly likely that it fulfills numerous functions in the cell. PAM contains several ubiquitin ligase domains on its extreme carboxyl terminal end, and a myc-binding domain proximal to these ubiquitin ligase regions [35] . The protein has been described to have alternative splice variants, indicating that it may further expand its repertoire of functions through post-translational processing [62] . Additionally, the RCC1 domain of PAM has been shown to function as an adenylyl cyclase inhibitor [63, 64] , and PAM protein has also been shown to interact with tubulin [36] .
A critical requirement for the validity of the proteinprotein interaction is that both proteins be expressed in the same cellular compartment. Since KCC2 subcellular localization in neurons is predominantly in the postsynaptic areas and in cell soma [65, 66] , it is important that PAM be also expressed in these compartments. Despite the fact that non-mammalian homologues of PAM indicate a presynaptic role of the protein, mammalian PAM was shown to be present throughout neurons [36, 67] .
Through deletions and small-scale yeast two-hybrid transformations, we were able to narrow down the interacting region to rat KCC2 residues 1069-1088, a 20 amino acid domain located between the extreme Cterminus and the region unique to KCC2 which confers constitutive basal activity in isosmotic conditions [68] . The region of KCC2 encompassing this domain and the extreme C-terminus is known to be essential for cotransporter function. The 20 amino acid peptide interacting with PAM contains a putative non-canonical type II Src homology domain 3 (SH3) binding sequence (φPxφPx+) [69] that is directly adjacent to a putative RXR motif [70] . SH3 domains are ubiquitous protein interaction modules that are involved in many types of protein-protein interactions: (i) they participate in linking membrane transporters and channels to the cytoskeleton [71, 72] ; (ii) they promote protein dimerization [73] ; and (iii) they play a central role in multi-protein scaffolding [74] [75] [76] . On the other hand, the RXR motif may serve as an endoplasmic reticulum retention signal. This motif was originally identified in the ATP-sensitive potassium channel, and is commonly located in cytoplasmic tails of membrane proteins [70, [77] [78] [79] . The masking of the motif by homomeric or heteromeric subunits, or by ER chaperone proteins [80] [81] [82] , allows protein release from the ER for trafficking to the cell membrane. This trafficking regulation mechanism is utilized by several membrane-bound transport proteins, such as potassium channels, ionotropic NMDA receptors, and kainate receptors [70, 77, 79, [83] [84] [85] [86] .
Despite the high degree of conservation among the four K-Cl cotransporters, it is striking that only the 20 amino acids from KCC2 interacted with the RCC1 domain of PAM in our yeast two-hybrid assay. RCC1/ PAM did not promote yeast survival in small-scale yeast two-hybrid tests against the highly homologous region in KCC1, KCC3, and KCC4. In fact, amino acid alignment revealed that only two residues differed between KCC3 and KCC2, and only KCC2 contained an RXR motif. All four sequences were identical for the MPGPP[R/K] SH3 putative binding sequence. Our mutagenesis analysis ( Figure 6 ) revealed that mutating the RXR motif in KCC2 to RXA disrupted RCC1/PAM binding. However, mutating the KCC3 sequence to contain an RXR motif did not confer binding to RCC1/PAM, indicating a role for surrounding residues. Indeed, mutating the asparagine (N) residue directly after the RXR motif in KCC2 also disrupted RCC1/PAM binding. Our functional experiments with full-length RXA KCC2 mutant did not show increased cotransporter function similar to what would be expected if unmasking an RXR motif. Therefore it is questionable whether the RCC1/PAM binding is related to the known function of a bona-fide RXR motif. It is clear, however, that the RXR sequence and surrounding residues participate in the RCC1/PAM binding. It is also clear that this binding has functional significance since our unidirectional ion flux experiments show that RCC1/PAM co-expression increases K + uptake in cells transfected with wild-type KCC2, but not in cells transfected with the KCC2 -RXA mutant.
Our experiments demonstrate that RCC1/PAM affects KCC2 in multiple ways. First, it seems that RCC1/ PAM increases KCC2 transcription and consequently protein upregulation, although at this point, we do not know if this effect is necessarily specific to KCC2. As KCC2 is expressed in these cells in the pCDNA3 vector without its native promoter sequence, we do not expect that this effect would carry over to the physiological setting. Additionally, since both KCC2 and KCC2/RXA exhibit increased expression due to RCC1/PAM coexpression, we did not further explore this effect, and set this aspect aside in order to focus on differences between KCC2 and KCC2/RXA and the RCC1-PAM effects which can be attributed to protein-protein interaction. Second, when KCC2 is in the membrane, binding of RCC1-PAM potentially causes a conformational change leading to increase in cotransporter activity. Absence of RCC1 binding to the RXA mutant thus results in lack of activation. Finally, RCC1-PAM likely competes with wild-type PAM as indicated by our experiments with N-ethylmaleimide.
NEM is a thiol reactive agent that is known to maximally stimulate KCC function. Our data demonstrating that NEM does not further activate KCC2 in the presence of RCC1/PAM and that NEM does not activate the KCC2-RXA mutant indicates that endogenous PAM binding is required for NEM activation. The most convincing evidence suggests that NEM primarily exerts its effect on KCC2 through a phosphorylation/ dephosphorylation pathway. Indeed, NEM is thought to cause net dephosphorylation of the cotransporter through kinase inhibition [87] . Although this evidence does not conclusively rule out a direct effect of NEM on KCC2, the fact that NEM has been shown to have opposing effects on NKCCs and KCCs would indicate regulation via upstream signaling pathways as opposed to direct action on the cotransporters (for review, see [47] ).
How PAM is intimately involved in modulating the activity of the cotransporter, apart from binding to it and affecting NEM stimulation, is yet to be determined. The effect of RCC1/PAM on NEM stimulation of the wildtype cotransporter and absence of effect on the RXA mutant also suggests that the effect is not related to an increased number of transporters in the plasma membrane. This is important to stress as RCC1/PAM also increases overall KCC2 expression. Indeed, as NEM is believed to maximally stimulate KCC2 activity by promoting dephosphorylation of the cotransporter, one would have expected to observe an additive effect of NEM and RCC1/PAM. To the contrary, we observed that RCC1/PAM interferes with the NEM stimulation. As HEK293 cells express endogenous PAM (data not shown), it is possible that the transfected RCC1/PAM fragment competes with endogenous PAM for binding on the KCC2 carboxyl terminus. In the absence of endogenous PAM binding, as in the case of KCC2-RXA or when the RCC1/PAM fragment is present, NEM stimulation has no effect. This suggests that PAM functions as an integral part of the same kinase/ phosphatase pathway through which NEM exerts its effect. One possibility is that PAM functions as a scaffolding protein. When PAM is bound to KCC2, it could bring PP1 to the cotransporter for dephosphorylation and activation. It could also serve as a scaffold for the inhibitory kinase which is functionally inhibited by NEM alkylation. Alternatively, PAM could instead directly affect kinase activity in the vicinity of the cotransporter, as PAM has been shown to inhibit adenylyl cyclase activity [63, 64] . The possibility that PAM overlaps with the phosphoregulatory pathway of KCC2 is enhanced by reports that PAM, as well as PAM homologues, can regulate double leucine zipper bearing MAPKKKs in Drosophila, C. elegans, and mouse [88] [89] [90] .
Future studies are needed to address the role of PAM on KCC2 function in neurons. One possibility involves examining the effect of PAM deletion on KCC2 function and Cl -homeostasis. As mentioned above, at the animal level, deletion of PAM results in a phenotype similar to the KCC2 knockout phenotype. A viable mouse expressing PAM without the RCC1 domain (or inactive/mutated RCC1 domain) could represent a useful model for studying the role of RCC1/PAM-KCC2 interaction in central neurons. Another possibility would involve altering PAM expression at the level of the single neuron using RNA interference, and assessing the effect of a lack of PAM expression on chloride regulation. Since PAM is a large protein with many domains, it is likely that its downregulation by RNAi affects neurons well beyond effects related to KCC2. Indeed, a recently published study of mice showing axon projection deficits not only identified the C' terminal of PAM as important for axon projection, but moreover, the same study showed that RNAi knockdown of PAM in neurons caused a looping of microtubules in the growth cones [90] . Regardless of whether using cultured cells or whole animal models, based on the present studies, we believe that PAM plays a role in modulating KCC2 function in neurons via the phosphoregulatory pathway of KCC2.
